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Abstract
Ependymomas show poor correlation between World Health Organization grade and clinical outcome. A subgroup of
supratentorial ependymomas are characterized by C11orf95-RELA fusions, presumed to be secondary to chromothripsis of
chromosome 11, resulting in constitutive activation of the NF-κB signaling pathway and overexpression of cyclin D1, p65,
and L1 cell adhesion molecule (L1CAM). These RELA-fused ependymomas are recognized as a separate, molecularly
defined World Health Organization entity and might be associated with poor clinical outcome. In this study, we show
that immunohistochemistry for NF-κB signaling components, such as L1CAM, p65, and cyclin D1, can help distinguish
RELA-fused from non-RELA-fused supratentorial ependymomas. Furthermore, these three markers can reliably differentiate
RELA-fused ependymomas from a variety of histologic mimics. Lastly, we report that RELA-fused ependymomas may be
associated with different chromosomal copy number changes and molecular alterations compared to their non-RELA-fused
counterparts, providing additional insight into the genetic pathogenesis of these tumors and potential targets for directed
therapies.

Introduction

Ependymomas are primary tumors of the central nervous
system that arise along the ventricular system and spinal
cord. In pediatric patients, ependymomas comprise ~10% of
primary central nervous system tumors, with the majority
arising in the posterior fossa. In contrast, ependymomas
account for ~5% of adult primary central nervous system

tumors, with the majority arising in the spinal cord and
infratentorial region [1].

Differentiating World Health Organization grade II epen-
dymomas from grade III ependymomas is generally made on
the basis of histologic features such as elevated mitotic
activity, necrosis, and vascular proliferation, but there are no
strict criteria, and clinical outcome in patients is poorly cor-
related with tumor grade [1, 2]. The discordance between
World Health Organization grade and clinical outcome has
been attributed, at least in part, to an underlying molecular
heterogeneity within ependymomas. The most reproducible
clinical prognostic factor is extent of total resection [3, 4].
Broad gains of chromosome 1q, particularly within the con-
text of copy neutral genomes in posterior fossa ependymomas
(i.e. group A ependymomas) [5], and losses of chromosome 9
are also associated with worse outcomes [6–10].

A recent study suggested that ependymomas could be
classified into nine different subgroups based on their DNA
methylation profiles [11]. One of the groups that emerged
was characterized by recurrent RELA rearrangements, most
often with the partner C11orf95. These ependymomas
occurred exclusively in the supratentorial compartment and
demonstrated chromothripsis of chromosome 11 and dele-
tions of CDKN2A [11]. Although initial studies showed that
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RELA-fused ependymomas are associated with poor clinical
outcome [11, 12], subsequent studies have not confirmed
the prognostic significance of RELA rearrangement as an
independent marker [10, 12–15]. Regardless of its prog-
nostic implications, RELA-fused ependymomas are recog-
nized as a separate, genetically defined World Health
Organization entity. Supratentorial ependymomas in the
pediatric population not containing RELA rearrangements
account for a smaller subset of tumors, often possessing
rearrangements in YAP1 instead and few other recurrent
alterations [11]. In contrast, non-RELA-fused ependymomas
in adults remain poorly characterized.

In this study, we examine the genomic profiles of
supratentorial ependymomas in a predominantly adult
population in order to define recurrent alterations in non-
RELA-rearranged tumors. Furthermore, we explore the
immunophenotypes of supratentorial ependymomas and
evaluate the sensitivity and specificity of NF-κB pathway
components to accurately determine the presence of an
underlying RELA rearrangement.

Materials and methods

The surgical pathology and consultation archives of Brig-
ham and Women’s Hospital (Boston, MA) were searched
for cases of ependymoma (supratentorial, posterior fossa,
and spinal) and histologic mimics that were diagnosed from
1990 to 2018. Histologic and immunohistochemical eva-
luation was performed for 122 cases: 16 supratentorial
ependymomas, 21 posterior fossa ependymomas, 37 spinal
cord ependymomas, 2 astroblastomas, 10 various neuroe-
pithelial tumors with prominent angiocentric architecture,
and 36 glioblastomas, including 22 with poorly differ-
entiated or primitive neuronal components. Four of the
supratentorial ependymomas were contributed by Boston
Children’s Hospital (Boston, MA).

Histology and immunohistochemistry

Hematoxylin- and eosin-stained sections of formalin-fixed,
paraffin-embedded tissue were evaluated using routine light
microscopy. Immunohistochemistry was performed on 5 μm
paraffin sections following routine heat antigen retrieval
(10 mM sodium citrate buffer, pH 6.0). Nuclei were coun-
terstained with hematoxylin. The primary antibodies used
were cyclin D1 (1:250 dilution, clone SP4, Thermo Fisher
Scientific, Waltham, MA), p65 (1:5000 dilution, clone
D14E12, Cell Signaling, Danvers, MA), and L1CAM
(1:2000 dilution, clone UJ127.11, Sigma, St. Louis, MO).
For cyclin D1 and p65, positivity was defined as at least
intermediate nuclear immunoreactivity in at least 50% of
tumor cells to reduce false-positive cases secondary to

nonspecific staining. L1CAM positivity was defined as
intermediate or greater membranous immunoreactivity
in >5% of tumor cells. Fisher’s exact test was used to make
comparisons of immunohistochemical staining between
groups. p values <0.05 were considered statistically sig-
nificant. Percentages were rounded to the nearest integer.

Targeted exome sequencing

The presence of genomic alterations was determined for all
tumors with a histologic diagnosis of ependymoma (grade II
or III) arising within the supratentorial compartment using a
next-generation hybrid capture sequencing assay (Oncopa-
nel) performed on genomic DNA isolated from formalin-
fixed, paraffin-embedded tissue. Oncopanel evaluates 447
genes and 191 introns across 60 genes. Structural rearran-
gements were detected by BreaKmer analysis, as previously
described [16]. Calls by BreaKmer analysis were verified by
manual review of the raw Binary Alignment Map files.

Chromosomal microarray

As part of the clinical diagnostic workup for the majority of
supratentorial ependymoma cases, copy number analysis
was performed using one of two microarray platforms: array
comparative genomic hybridization using the 1×1M Agilent
SurePrint G3 Human Microarray (Santa Clara, CA) or
single-nucleotide polymorphism array analysis using the
Thermo Fisher Scientific Oncoscan Copy Number Variation
assay. The Agilent assay uses 963,029 probes hybridized to
reference DNA across the genome for an average of ~2.1 kb
between probes and 1.8 kb in the RefSeq track. Oncoscan is
a single-nucleotide polymorphism-based array optimized for
use with formalin-fixed, paraffin-embedded genomic DNA
that detects both copy number changes and copy-neutral loss
of heterozygosity, with 300 kb genome-wide resolution and
50–100 kb resolution within 900 oncogenes and tumor
suppressor genes. For cases in which no microarray analysis
was performed, copy number alterations were determined
using the Oncopanel assay, which shows 86% sensitivity
and 98% specificity compared with copy number determi-
nations made using the Agilent 1×1M microarray [16].

The study was conducted with Institutional Review Board
approval (Brigham and Women’s Hospital IRB 11-104).

Results

Clinicopathologic characteristics of supratentorial
ependymomas

Of the 16 supratentorial ependymomas, 8 possessed RELA
fusions (four males, four females; average age 19.3 years, range
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8–51 years), and all had originally been diagnosed as anaplastic
ependymoma, World Health Organization grade III. Tumors
largely involved the frontal and/or parietal lobes (n= 8),
with one also involving the temporal lobe. One patient had two
additional resections (7-month interval and a 14-month interval
between surgeries) for recurrent/residual tumor.

The remaining 8 supratentorial ependymomas were
negative for RELA fusions (four males, four females;
average age 54.6 years, range 36–81 years), two of which
were diagnosed as ependymoma, World Health Organiza-
tion grade II, four of which were diagnosed as anaplastic
ependymoma, World Health Organization grade III, and
two of which were not graded. Tumors arose throughout the
supratentorial compartment, with three arising in the tem-
poral lobe, and one each occurring in the frontal lobe,
parietal lobe, suprasellar region, lateral ventricle, and third
ventricle. One patient had an additional resection (14-month
interval between surgeries).

Molecular profiles of RELA-fused and non-RELA-
fused supratentorial ependymomas

Eight of 16 supratentorial ependymomas exhibited
C11orf95-RELA fusion events, with breakpoints occurring
most often in intron 1 of RELA as previously described [17].
Within this group of tumors, frequent gains of 1q (5/8 cases;
63%) and deletions of 9p including CDKN2A/B (100%)
were the most common copy number alterations (Fig. 1).
Chromothripsis involving 11q was present in only three
cases (38%), but focal single copy gains or losses involving
the RELA locus were observed overall in 7/8 tumors (88%).
Additional recurrent events included chromothripsis or
losses of 10q (3/8 cases; 38%) and losses on 22 (3/8 cases;
38%). Genomic activation of both cyclin-dependent kinase
and phosphoinositide 3-kinase pathways was evident via
inactivating mutations in CDKN2A (2/8 cases; 25%),
CDKN1C (1/8 cases, 13%), PIK3R1 (1/8 cases; 13%), and

Fig. 1 Summary of
clinicopathologic features,
NF-κB component
immunohistochemistry, and
molecular profiles of
supratentorial ependymomas
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PTEN (1/8 cases; 13%). Intriguingly, two cases showed
heterozygous truncating nonsense mutations in MEN1;
however, neither patient has thus far exhibited stigmata of
multiple endocrine neoplasia (MEN type I) syndrome.
Additional novel events included single instances of an
activating AGK-BRAF fusion (Fig. 2) and a missense
NTRK1 p.R748Q variant occurring in the kinase domain.

In contrast, non-RELA-fused tumors showed fewer gains
of 1q (2/8 cases; 25%), fewer deletions of 9p (5/8 cases;
63%), and were more likely to demonstrate multiple whole-
chromosome alterations. Unique to this subgroup were
broad deletions of chromosome 13 (5/8 cases; 63%),
polysomy 5 (3/8 cases; 38%), and monosomy/polysomy 14
(4/8 cases; 50%). Polysomy 7 (38% versus 13%) and
alterations of 22q (75% versus 38%) were both more fre-
quent in non-RELA-fused ependymomas versus RELA-
fused ependymomas. Mutations in TERT promoter (2/8
cases; 25%), TP53 (3/8 cases; 38%), and RB1 (2/8 cases;
25%) were exclusively observed in non-RELA-fused epen-
dymomas. One case showed chromothripsis of chromosome
15 with multiple structural rearrangements, including

MYO5A-NTRK3, RP11-157E21.1-PDCD1LG2, and USP8-
ADPGK. Representative images of the tumors harboring
MYO5A-NTRK3 and RP11-157E21.1-PDCD1LG2 fusions
are shown in Fig. 2. TMEFF2-FOXO1 and PCGF1-
CREBBP structural variants were also observed in the
non-RELA-fused cohort. Importantly, no YAP1 fusions were
detected in any of the 16 ependymomas above.

A comprehensive description of molecular aberrations
observed in our group of supratentorial ependymomas is
detailed in Supplementary Tables 1–3.

Of note, three cases that had been initially diagnosed as
ependymoma based on presence of classic histologic fea-
tures were reclassified based on characteristic genomic
findings (Fig. 3). One tumor showed a focal homozygous
deletion of SMARCB1 and few other alterations, permitting
reclassification as atypical teratoid/rhabdoid tumor. Two
other cases showed classic glioblastoma alterations (i.e.
polysomy 7, monosomy 10, TERT promoter mutation), one
of which also harbored the oncogenic FGFR3-TACC3
fusion. None of these tumors demonstrated the presence of
fusions in either RELA or YAP1.

Fig. 2 Supratentorial ependymomas with potentially targetable structural rearrangements included a RELA-fused ependymoma (a) with an AGK-
BRAF fusion (b), and a non-RELA-fused ependymoma (c) with MYO5A-NTRK3 and RP11-157E21.1-PDCD1LG2 fusions (d)
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Immunohistochemistry for NF-κB components

In order to determine the sensitivity and specificity of NF-
κB pathway components at detecting RELA rearrangements,
we performed immunohistochemistry with the markers
L1CAM, p65, and cyclin D1 in ependymomas from all
anatomic locations, as well as in several additional entities
in the differential diagnosis (summarized in Table 1).

Cyclin D1 was positive in 7 of 8 RELA-fused ependy-
momas (88%), 2 of 8 non-RELA-fused ependymomas (25%;
p < 0.05), 1 of 21 posterior fossa ependymomas (5%;
p < 0.001), 1 of 14 glioblastomas with conventional histol-
ogy (7%; p < 0.001), and 1 of 10 neuroepithelial tumors
with angiocentric architecture (10%; p < 0.005), with
immunopositivity occurring in an atypical teratoid/rhabdoid
tumor. None of the 37 spinal cord ependymomas (0%;
p < 0.001), 2 astroblastomas (0%), or 22 glioblastomas with
poorly differentiated or primitive neuronal components
(0%; p < 0.001) were immunopositive. Collectively, 2 of 48
histologic mimics were immunopositive for cyclin D1 (4%;
p < 0.001). When comparing the immunophenotype of
RELA versus non-RELA-fused supratentorial ependymomas
(Fig. 1, Table 1), cyclin D1 had a sensitivity of 88%, spe-
cificity of 75%, positive predictive value of 78%, and

negative predictive value of 86% for detecting RELA
fusions.

P65 was positive in 5 of 8 RELA-fused ependymomas
(63%), and 1 of 10 neuroepithelial tumors with angiocentric
architecture (10%; p < 0.05), with immunopositivity again
occurring in an atypical teratoid/rhabdoid tumor. None of the
8 non-RELA-fused ependymomas (0%; p < 0.05), 21 posterior
fossa ependymomas (0%; p < 0.001), 37 spinal cord epen-
dymomas (0%; p < 0.001), 2 astroblastomas (0%), or 36
glioblastomas (0%; p < 0.001) were immunopositive. Col-
lectively, 1 of 48 histologic mimics were immunopositive for
p65 (2%; p < 0.001). When comparing the immunophenotype
of RELA versus non-RELA-fused supratentorial ependymo-
mas (Fig. 1, Table 1), p65 had a sensitivity of 63%, specificity
of 100%, positive predictive value of 100%, and negative
predictive value of 73% for detecting RELA fusions.

L1CAM was positive in all 8 RELA-fused ependymomas
(100%), 1 of 8 non-RELA-fused ependymomas (13%;
p < 0.005), 2 of the 22 glioblastomas with poorly differ-
entiated or primitive neuronal components (9%; p < 0.001),
and 1 of 14 glioblastomas with conventional histology (7%;
p < 0.001). None of the 21 posterior fossa ependymomas
(0%; p < 0.001), 37 spinal cord ependymomas (0%;
p < 0.001), 2 astroblastomas (0%), or 10 neuroepithelial

Table 1 Summary of NF-κB component immunohistochemistry

Tumor type Cyclin D1 (%) p65 (%) L1CAM (%) Combinatorial
immunohistochemistry (%)

RELA-fused supratentorial ependymoma 7/8 (88%) 5/8 (63%) 8/8 (100%) 7/8 (88%)

Non-RELA-fused supratentorial ependymoma 2/8 (25%) 0/8 (0%) 1/8 (13%) 1/8 (13%)

Posterior fossa ependymoma 1/21 (5%) 0/21 (0%) 0/21 (0%) 0/21 (0%)

Spinal ependymoma 0/37 (0%) 0/37 (0%) 0/37 (0%) 0/37 (0%)

Ependymoma mimics (total)a 2/48 (4%) 1/48 (2%) 3/48 (6%) 1/48 (2%)

Astroblastomas 0/2 (0%) 0/2 (0%) 0/2 (0%) 0/2 (0%)

Neuroepithelial tumors with angiocentric architecture 1/10 (10%) 1/10 (10%) 0/10 (0%) 1/10 (10%)

Glioblastomas 1/14 (7%) 0/14 (0%) 1/14 (7%) 0/14 (0%)

Glioblastomas with poorly differentiated or primitive
neuronal components

0/22 (0%) 0/22 (0%) 2/22 (9%) 0/22 (0%)

aMimics of ependymoma include astroblastoma, neuroepithelial tumors with angiocentric architecture, and glioblastomas, including those with
poorly differentiated or primitive neuronal components

Fig. 3 Tumors reclassified as other entities following molecular testing
included a glioblastoma with FGFR3-TACC3 fusion (a), a glio-
blastoma showing prominent perivascular arrangement of tumor cells

(b) with conventional genomic alterations (polysomy 7, monosomy
10, TERT promoter mutation), and an atypical teratoid/rhabdoid tumor
with focal homozygous deletion of SMARCB1 (c)
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tumors with angiocentric architecture (0%; p < 0.001) were
immunopositive. Collectively, 3 of 48 histologic mimics
were immunopositive for L1CAM (6%; p < 0.001). When
comparing the immunophenotype of RELA versus non-
RELA-fused supratentorial ependymomas (Fig. 1, Table 1),
L1CAM had a sensitivity of 100%, specificity of 88%,
positive predictive value of 89%, and negative predictive
value of 100% for detecting RELA fusions. Figure 4 shows
representative histology and NF-κB component immuno-
histochemistry from a RELA-fused ependymoma and a non-
RELA-fused ependymoma. Representative histology from
select histologic mimics of ependymomas are shown in
Fig. 5.

The utility of combinatorial immunohistochemistry, in
which a positive result is defined as at least two of three
immunostains being positive, was also assessed. Combi-
natorial immunohistochemistry was positive in 7 of 8
RELA-fused ependymomas (88%), 1 of 8 non-RELA-fused
ependymomas (13%; p < 0.05), and 1 of 10 neuroepithelial
tumors with angiocentric architecture (10%; p < 0.005),
with immunopositivity occurring in an atypical teratoid/
rhabdoid tumor. None of the posterior fossa ependymomas
(0%; p < 0.001), spinal cord ependymomas (0%; p < 0.001),
astroblastomas (0%), or glioblastomas (0%; p < 0.001)
were immunopositive. Collectively, 1 of 48 histologic
mimics was immunopositive with a combinatorial

Fig. 4 Representative image of a RELA-fused supratentorial ependy-
moma (a) with positive immunostaining for (b) cyclin D1 (strong
diffuse nuclear positivity), (c) p65 (strong diffuse nuclear positivity),

and (d) L1CAM. Representative image of a non-RELA-fused supra-
tentorial ependymoma (e) with negative immunostaining for cyclin D1
(f), p65 (g), and L1CAM (h)

Fig. 5 Evaluated histologic
mimics of ependymoma
included astroblastomas (a),
various neuroepithelial tumors
with angiocentric architecture
(b), and (c) glioblastomas,
including those with poorly
differentiated or primitive
neuronal components (d)
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immunohistochemical approach (2%; p < 0.001). When
comparing the immunophenotype of RELA- versus non-
RELA-fused supratentorial ependymomas, combinatorial
immunohistochemistry had a sensitivity of 88%, specificity
of 88%, positive predictive value of 88%, and negative
predictive value of 88% for detecting RELA fusions. While
a combinatorial approach did not improve the ability to
differentiate RELA versus non-RELA-fused supratentorial
ependymomas compared to L1CAM alone, it did reduce the
number of positive cases among the histologic mimics.

Two patients with supratentorial ependymomas had
multiple resections for recurrent/residual tumor, and the
cyclin D1, p65, and L1CAM immunophenotype did not
change over time.

Discussion

RELA-fused ependymomas, which are recognized as a
separate World Health Organization entity, arise exclusively
in the supratentorial compartment, drive tumorigenesis via
aberrant NF-κB signaling, and might be associated with a
worse prognosis compared to their non-RELA-fused coun-
terparts. No gold standard or guidelines exist for demon-
strating the presence of these fusions. Other than
comprehensive RNA sequencing or whole-genome
sequencing, it has been challenging to identify these
fusions in clinical assays available to many pathologists.
Fluorescence in situ hybridization with custom break-apart
probes has been used in the research setting to detect
C11orf95-RELA fusions [15, 17], but clinical implementa-
tion may be challenging due to the difficulty of interpreting
the assay, as well as the limited shelf life of fluorescently
labeled probes. In addition, break-apart fluorescence in situ
hybridization may result in false-negative or false-positive
results depending on the target sequence of the probes. We
recommend that an immunohistochemistry panel of NF-κB
signaling components be performed for the initial workup
of supratentorial ependymomas. The panel of immunostains
should be particularly useful for pediatric supratentorial
ependymomas, as the incidence of RELA fusions is ~70% in
pediatric cases compared to 20% in adult cases [12, 17].

This study builds on prior work by demonstrating that
immunohistochemistry for NF-κB components shows dif-
ferential immunostaining in RELA-fused ependymomas
compared to non-RELA-fused ependymomas. Gessi et al.,
for instance, reported that L1CAM had a sensitivity of 94%
and specificity of 76% for detecting RELA fusions, whereas
p65 had a sensitivity of 100% and a specificity of 92% [14].
In our cohort, L1CAM had a sensitivity of 100% and spe-
cificity of 88%, p65 had a sensitivity of 63% and specificity
of 100%, and cyclin D1 had a sensitivity of 88% and spe-
cificity of 75%. Immunohistochemistry for all three NF-κB

signaling components reliably distinguished these two
groups of ependymomas. The variation in performance of
these markers across studies suggests that a panel of
immunostains should be used as an initial screen for the
RELA fusion rather than any single marker. It is unclear
why in our study p65 had a lower sensitivity for detecting
the RELA-fusion compared to that reported in the literature
[14], especially given the presumed pathogenic mechanism
of the RELA fusion and the strong correlation between the
presence of RELA fusions and overexpression of p65 [17].

RELA fusions can occur in the absence of chromothripsis
of chromosome 11. Immunohistochemistry for NF-κB
components appears to be a more sensitive surrogate mar-
ker than chromosomal copy number changes at detecting
this fusion event. In our cohort, chromothripsis of chro-
mosome 11 was identified in only 3 of 8 cases and should
therefore not be used to exclude a diagnosis of RELA-fused
ependymoma.

Our study adds to the literature by demonstrating that
immunohistochemistry for proteins upregulated by RELA
fusions can differentiate this molecular subtype of supra-
tentorial ependymoma from a variety of histologic mimics,
such as neuroepithelial tumors with angiocentric archi-
tecture and glioblastomas. Cyclin D1, p65, and L1CAM
were each able to reliably distinguish RELA-fused epen-
dymomas from histologic mimics, and a combinatorial
immunohistochemical approach outperformed individual
antibodies against cyclin D1 and p65.

Furthermore, as anticipated, ependymomas arising from
non-supratentorial compartments (i.e. posterior fossa and
spinal cord) did not show immunopositivity for these three
markers, with one exception of a posterior fossa ependy-
moma with isolated cyclin D1 immunoreactivity. This
general observation, which is consistent with molecular data
demonstrating that RELA-fusions occur exclusively in
supratentorial ependymomas [11], could potentially be of
clinical utility when trying to ascertain the site of primary
tumor in the setting of ependymoma that has spread to
multiple anatomic compartments.

However, a few exceptions to the expected immunos-
taining patterns should be mentioned. A number of non-
RELA-fused tumors in our study showed unanticipated
positivity for one or more markers. One case was an aty-
pical teratoid/rhabdoid tumor that was positive for cyclin
D1 and p65 but negative for L1CAM. Loss of tumor sup-
pressor SMARCB1/INI1 may result in de-repression of
cyclin D1 [18], and overexpression of cyclin D1 has indeed
been reported in atypical teratoid/rhabdoid tumors [19]. In
addition, there were three glioblastomas that were positive
for L1CAM but negative for cyclin D1 and p65. A minority
of glioblastomas have been reported in the literature as
having aberrant expression of L1CAM, which is associated
with increased resistance to radiation and chemotherapy as
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well as higher proliferation and tumor cell motility/infil-
tration [20–22]. L1CAM positivity in the absence of con-
current cyclin D1 and p65 positivity suggests that
upregulation of L1CAM may occur through mechanisms
independent of constitutive NF-κB activation, such as
aberrant Wnt signaling, among other pathways [23].
Moreover, one non-RELA-fused supratentorial ependy-
moma was positive for L1CAM and cyclin D1 but negative
for p65. Although no RELA fusion event was identified, we
cannot exclude the possibility that this tumor contained an
alternate C11orf95 or RELA rearrangement not captured by
our assay.

Chromothripsis involving chromosome 11, losses
involving chromosomes 3, 9 (often resulting in homo-
zygous loss of CDKN2A), 10, and 22, and gain of chro-
mosome 1q have been reported as frequent copy number
alterations in RELA-fused ependymomas, while non-RELA-
fused ependymomas—specifically those with YAP1 fusions
—are reported to have few copy number changes other than
focal aberrations on chromosome 11q and loss of 22q [11].
The genetic profile of supratentorial ependymomas mole-
cularly confirmed negative for both RELA and YAP1 fusions
are not well characterized. However, BCOR tandem dupli-
cation and fusions involving EP300-BCORL1 and FOXO1-
STK24, as well as MAML2-ASCL2 and MARK2-ADCY3,
have been described [13, 15]. Here we demonstrate that
RELA-fused ependymomas have distinct copy number
changes and single nucleotide variants compared to their
non-RELA-fused supratentorial ependymoma counterparts
(apart from the C11orf95-RELA fusion event). The genetic
profile of our cohort of supratentorial ependymomas nega-
tive for RELA and YAP1 fusions contributes to the
increasing recognition that this group of tumors is mole-
cularly heterogeneous, with a subset of cases possessing
mutations in TP53, RB1, and the TERT promoter region
[13]. Of note, none of our RELA-fused ependymomas
demonstrated mutations in these genes or regions of inter-
est, but a subset of cases had loss-of-function variants in
MEN1. Furthermore, in comparison to RELA-fused epen-
dymomas, non-RELA-fused supratentorial ependymomas
tended to have more complex copy number changes,
including numerous polysomies. Gain of 1q, loss of 10q
(PTEN), loss of CDKN2A, monosomy 22, and NTRK
aberrations were seen in both RELA-fused and non-RELA-
fused supratentorial ependymomas.

A number of compelling structural rearrangements were
also observed that may provide insight into the molecular
pathogenesis of these tumors and serve as targets for
directed therapies. The non-RELA-fused cohort contained
TMEFF2-FOXO1, MYO5A-NTRK3, and RP11-157E21.1-
PDCD1LG2 rearrangements, while a single RELA-fused
tumor showed an additional AGK-BRAF rearrangement.
FOXO1 is a member of the forkhead family of transcription

factors that mediates numerous cellular processes, including
cell survival, apoptosis, and cellular differentiation, and
drives oncogenesis in a subset of rhabdomyosarcomas [24].
Also reported in a recent study of supratentorial ependy-
momas, FOXO1 fusions may be a recurrent driver event in a
subset of non-RELA, non-YAP1-fused tumors [13]. NTRK
fusions are seen across multiple tumor types, including both
pediatric and adult gliomas, and have shown promising
clinical response to Trk inhibitors [25–27]. MYO5A-NTRK3
fusions in particular have been described previously in
melanocytic neoplasms and show constitutive upregulation
of mitogen-activated protein kinase, phosphoinositide
3-kinase, and phospholipase Cγ1 pathways [28–30].
PDCD1LG2 encodes PD-L2, the overexpression of which
has been linked to response to PD-1 blockade inhibition
[31]. AGK-BRAF fusions have been reported in several
tumor types, including pleomorphic xanthoastrocytoma,
anaplastic oligodendroglioma, lung adenocarcinoma, mela-
noma, and papillary thyroid carcinoma [32, 33], and there is
preliminary evidence that tumors with AGK-BRAF fusions
may respond to tyrosine kinase inhibitor targeted therapy
[32, 34].

Multiple loss-of-function mutations involving MEN1
were seen in the RELA-fused cohort. Although ependymo-
mas have been linked to MEN1 syndrome [35], neither of
the patients whose tumors contained these mutations have
thus far demonstrated presence of endocrine neoplasia,
likely a result of heterozygous, somatic inactivation of the
gene. Nonetheless, the presence of MEN1 alterations in
RELA-fused ependymoma cases—and absence in non-
RELA-fused cases—may implicate an important role of
MEN1 in the pathogenesis of these tumors. MEN1 encodes
menin, a tumor suppressor that interacts with p65 to repress
NF-κB signaling, possibly via Sirt1-mediated deacetylation
of p65 [36, 37]. Additional work, however, is needed to
determine the possible prognostic role of MEN1 alterations
in RELA-fused ependymomas.

In summary, supratentorial ependymomas have distinct
molecular profiles depending on RELA fusion status, with
non-RELA-fused tumors being enriched for mutations
involving TP53, RB1, and the TERT promoter and posses-
sing generally more complex copy number changes, parti-
cularly multiple polysomies. RELA-fused tumors, in
contrast, have recurrent genetic aberrations involvingMEN1
in a subset of tumors. Regardless of RELA status, supra-
tentorial ependymomas not infrequently possess targetable
fusion events. Furthermore, immunohistochemistry for NF-
κB components, particularly L1CAM and p65, is a useful
initial diagnostic step to distinguish RELA from non-RELA-
fused supratentorial ependymomas. In addition, multiple
NF-κB markers, including cyclin D1, p65, and L1CAM,
can be used to differentiate RELA-fused ependymomas from
a variety of histologic mimics of ependymoma.
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